We report a study of radiative decays of χ bJ (1P )(J = 0, 1, 2) mesons into 74 hadronic final states comprising charged and neutral pions, kaons, protons; out of these, 41 modes are observed with at least 5 standard deviation significance. Our measurements not only improve the previous 4 measurements by the CLEO Collaboration but also lead to first observations in many new modes. The large sample allows us to probe the total decay width of the χ b0 (1P ). In the absence of a statistically significant result, a 90% confidence-level upper limit is set on the width at Γ total < 2.4 MeV. Our results are based on 24.7 fb −1 of e + e − collision data recorded by the Belle detector at the Υ(2S) resonance, corresponding to (157.8 ± 3.6) × 10 6 Υ(2S) decays.
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I. INTRODUCTION
The P -wave spin triplet states of bottomonia, χ bJ (nP ), are copiously produced from the Υ(nS) states through electric dipole radiative transitions.
The χ b0 (1P ) and χ b2 (1P ) states, with positive parity and charge-parity, can annihilate to two real photons or gluons. Various theoretical predictions for the two-gluon widths (Γ total ≈ Γ 2g ) of the χ b0 (1P ) (J PC = 0 ++ ) and χ b2 (1P ) (J PC = 2 ++ ) states are listed in Table I . All calculations predict the width of χ b0 (1P ) to be larger than that of χ b2 (1P ), reaching above 2 MeV. On the experimental front, so far there is no measurement for the width of any of the χ bJ (1P ) states. According to the LandauYang theorem [1] , a J = 1 particle cannot decay to two identical massless spin-1 particles, thus the χ b1 (1P ) cannot decay to two real gluons or photons. However, this process is allowed if one of the gluons is virtual giving rise to a quark-antiquark pair [2] .
In 2008, the CLEO Collaboration reported the first observations of χ bJ (1P ) and χ bJ (2P ) decays into specific final states of light hadrons, where these P -wave states are produced in radiative transitions of the Υ(2S) and Υ(3S) resonances, respectively [11] . In our earlier search for a new state near 9975 MeV/c 2 , X bb (9975) [12] , we observed a large signal yield for χ bJ (1P ) states from the sum of 26 exclusive hadronic final states. The yields for χ bJ (1P )(J = 0, 1, 2) were 299 ± 22, 946 ± 36 and 582 ± 31, respectively. This motivated a study of the product branching fractions B[Υ(2S) → γχ bJ (1P )] × B[χ bJ (1P ) → h i ], where h i is a specific hadronic mode; such decays of χ bJ (1P ) mesons give us insight into how initial quarks and gluons hadronize [13] . Our study, using the world's largest e + e − →Υ(2S) data sample, permits us not only to improve upon the earlier measurements of 14 modes [11] , but also to uncover many new modes. The analysis also provides an opportunity for a width measurement of χ b0 (1P ), which is predicted to be the largest among the three χ bJ (1P ) states.
II. DATA AND SIMULATION SAMPLES
We perform this study using a 24.7 fb −1 data sample, equivalent to (157.8 ± 3.6) × 10 6 Υ(2S) events [14] , collected at the Υ(2S) resonance with the Belle detector [15] at the KEKB asymmetric-energy e + e − collider [16] . A 1.7 fb −1 data sample, recorded 30 MeV below the Υ(2S) peak, provides a control sample to study the e + e − →(q = u, d, s, c) continuum background. The values of [7] are obtained by the perturbative (nonperturbative) calculation and that for [9] are obtained by the QCD potential (alternative treatment)
Half a million signal Monte Carlo (MC) events are produced for each final state studied. The radiative transitions from the Υ(2S) are generated using the helicity amplitude formalism [17] . Hadronic decays of χ bJ are modeled assuming a phase space distribution, where an interface to PHOTOS [18] has been added to incorporate final state radiation effects. As all signal MC samples are generated with a phase space distribution, possible intermediate decays such
0 are considered primarily when we later estimate systematic uncertainties in efficiency. Inclusive Υ(2S) MC events, produced using Pythia [19] with the same luminosity as the data, are utilized for background studies.
III. EXPERIMENTAL APPARATUS
The Belle detector [15] is a large-solid-angle magnetic spectrometer consisting of a silicon vertex detector, a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL). All these detector elements are located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return located outside the coil is instrumented with resistive plate chambers to detect K 0 L mesons and muons.
IV. Υ(2S) RECONSTRUCTION
Reconstruction begins with the selection of π ± , K ± , p/p, K 0 S and π 0 to reconstruct a χ bJ (1P ) candidate. We then select a γ candidate and combine it with the χ bJ (1P ) to form a Υ(2S) candidate.
A. χbJ (1P ) Reconstruction
The χ bJ (1P ) state can decay to many hadronic final states. For decays into all-charged final states, we focus on the same 26 modes as in Ref. [12] :
0 is added to the above final states, excluding
as those are forbidden by G-parity conservation [11] , resulting in a total of 22 modes reconstructed with one π 0 . An additional 26 modes are reconstructed with the addition of two π 0 's to the charged final states enumerated above.
In total, 74 light hadronic decay modes of the χ bJ (1P ) are reconstructed. Charged particles (π ± , K ± , p/p), K 0 S and π 0 mesons are selected as follows: Impact parameters: For charged tracks, we require maximum distances of closest approach with respect to the interaction point (IP), in both the xy transverse plane ('dr') and along the z axis ('|dz|'), with the z-axis defined as the direction opposite to the e + beam. The selection criteria applied are dr < 1 cm and |dz| < 4 cm, to ensure that charged tracks are originating from the IP and not the result of beam-wall or beam-gas interactions. These requirements are not imposed on the charged pions arising from a K 0 S decay. Number of charged tracks: Selection criteria are also applied to the number of tracks (4, 6, 8, 10, or 12) depending on the mode.
Charged pion and kaon selection: Charged pions and kaons are identified based on their likelihood ratios
where L K and L π are the likelihoods for K ± and π ± , respectively, calculated using the number of photoelectrons from the ACC, information from the TOF and specific ionization in the CDC. We apply L K/π < 0.6 for selecting pions and also require them not to be a daughter of any K 0 S candidate. Similarly, L K/π > 0.6 is used to select kaons. For the above mentioned criteria, the kaon identification efficiency is 81 -90% with a kaonto-pion misidentification probability of 9 -14%. Pions are detected with an efficiency of 91 -95% with a kaonto-pion misidentification probability of 8 -13%.
Selection of p/p: protons and antiprotons are identified based on the likelihood ratios L p/K and L p/π . The criteria applied for proton or antiproton selection are: L p/K > 0.7 and L p/π > 0.7. The proton identification efficiency is 95%, while the probability of a kaon being misidentified as a proton is below 3%. K
mesons are reconstructed by combining two oppositely charged tracks (pion mass assumed) with an invariant mass between 486 and 509 MeV/c 2 . The selected candidates are also required to satisfy the criteria described in Ref. [20] 
B. Transition Photon Selection
Radiative photon candidates arising from the transition Υ(2S) → γχ bJ (1P ) are chosen based on the following quantities:
Energy of the photon (E γ ): The signal photon has energy 100 -240 MeV for χ b0 (1P ), 70 -190 MeV for χ b1 (1P ), and 50 -170 MeV for χ b2 (1P ). To cover all three ranges, a lower threshold of 30 MeV is applied on E γ for selecting the photon.
Polar angle of the γ (θ γ ): We define θ γ as the angle between the γ direction and the z axis. To reduce the beam background contamination, photons only in the barrel region (θ γ ∈ [0.5, 2.3] rad) are retained.
E9/E25: The showers in the ECL have a variety of energy deposition patterns; the variable E9/E25 compares the amount of energy deposited in a 3 × 3 crystal block (E9) around the crystal with maximum energy to that in a 5 × 5 crystal block (E25). We apply the criterion E9/E25 > 0.85 to select photon candidates.
Charged track match: The photon cluster in the ECL should not match with the trajectories of charged track(s) in the CDC extrapolated into the ECL. π 0 rejection: The candidate γ should be inconsistent with those arising from the decay of π 0 in the final state. Selected γ candidates satisfying the above criteria are then combined with the reconstructed χ bJ (1P ) candidate to form an Υ(2S) candidate. At this stage, we apply a very loose requirement on |∆E| < 0.5 GeV, where ∆E is the difference between the energy of the Υ(2S) candidate and the center-of-mass energy.
C. Continuum Suppression
Continuum background events result from light (u, d, s and c) quark-antiquark pairs produced in e + e − collisions. Signal χ bJ (1P ) decay events have a spherical topology, in contrast to 'back-to-back' jetlike continuum events. To suppress the latter, the cosine of the angle between the photon candidate and the thrust axis (calculated from the final state hadrons) in the Υ(2S) rest frame, cos θ T , is considered. Signal events have a uniform distribution in this variable while continuum events peak near | cos θ T | = 1. A requirement | cos θ T | < 0.8 is therefore applied to reduce the continuum background.
V. KINEMATIC FIT AND REDUCED χ
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In an analysis where all the final state particles are reconstructed, a kinematic fit applying energy-momentum conservation (4C) can be helpful in improving the mass resolution. The reduced χ 2 (χ 2 /NDF) from the 4C fit is also used as a selection criterion for signal (and to select the best candidate in cases where multiple candidates are found). After the event selection criteria and continuum suppression described above are imposed, a criterion on the reduced χ 2 is applied for further background suppression.
Optimization for the criterion on the reduced χ 2 is performed for the χ b0 (1P ), as it is the signal of interest for the width measurement. The optimization is performed using either (a) sum of the product branching-fractions [11] , excluding upper limits), multiplied by the ratio of the sum of signal yields for χ b0 (1P ) and χ b1 (1P ) in those 13 modes, or (b) the product branching fraction as in case (a), but varied by ±1σ around the obtained uncertainty. The χ b0 (1P ) signal region in terms
2 , which corresponds to a ±3σ window. The non-continuum background contribution is estimated from a data-equivalent MC sample of Υ(2S) decaying generically, in the same mass window.
A figure-of-merit (FOM) is calculated as S/ (S + B), where S (B) is the expected signal (background) yield. The dependence of the FOM on the reduced χ 2 condition is shown in Fig. 1 , from which we select a criteria on reduced χ 2 < 3. The FOM is recalculated for the case (b) scenario, and is again shown in Fig. 1 . The optimal point remains unchanged.
VI. FIT TO DATA
We use MC simulation to set up an extended unbinned maximum-likelihood fit of the three χ bJ (1P )(J = 0, 1, 2) candidate ∆M distributions. To decide the probability distribution function (PDF) for the signal components, the respective signal MC samples are studied. All three signal shapes are parametrized with the sum of a symmetric and an asymmetric Gaussian function having common mean. The asymmetric component is added to account for low-energy tails. The (three) width parame- The FOM is also recalculated by varying the product branching fraction by ±1σ around its error. The curve with upward orange triangles is for the positive variation, the curve with downward green triangles for the negative variation, whereas the curve with blue circles corresponds to the central value.
ters of the Gaussians are fixed to the MC values for all modes in the fit. The width of the symmetric Gaussians for χ bJ (1P )(J = 0, 1, 2) are found to be 4.6 ± 0.5 MeV, 4.2±0.4 MeV and 4.1±0.4 MeV, respectively. The parameters for all modes in MC are close and have a small RMS. Therefore, we fix each parameter to its mean value and vary within the RMS to estimate the assorted systematic uncertainty. In order to account for a modest difference in the detector resolution between data and simulations, we apply a calibration factor common to the three signal components. The background is modeled with the sum of an exponential function and a first-order Chebyshev polynomial. The corresponding four parameters (exponent, slope, relative fraction and background yield) are allowed to vary in the fit.
The result of the likelihood fit to the ∆M distributions for the sum of 74 modes in data is shown in Fig. 2 ; the p-value of the fit is 0.37. The χ bJ (1P ) signal yields are found to be 5 times larger than those obtained in our previous analysis [12] . The masses of the χ bJ (1P )(J = 0, 1, 2) states obtained are in excellent agreement with their world average values [21] . Results are summarized in Table II , including the obtained signal yields in each mode. The resolution calibration factor is found to be 1.13±0.02, in a reasonable agreement with previous Belle estimates for this correction [12] . 
A. Mode Selection
With signal shapes, including means, fixed in the fit to the result obtained from the sum of 74 modes (described previously), we fit the ∆M distribution in each individual mode to determine its significance as
where L 0 (L max ) is the likelihood value when the signal yield is fixed to zero (allowed to vary). In total, 41 modes have above 5 standard deviation (σ) significance in at least one of the χ bJ (1P )(J = 0, 1, 2) signals. The ∆M distribution in those 41 modes is shown in Figs. 3 -8 .
B. Branching Fraction Results
The major source of systematic uncertainty is due to the effect of possible intermediate decays (mentioned in Section II) on the signal reconstruction efficiency. The deviation in efficiency relative to the default phase space assumption is 2 -23%. Uncertainties on the signal yield due to PDF shapes are estimated by varying the shape parameters fixed in the nominal fit by ±1σ, and are found to be in the range 3 -12%. The uncertainty due to the limited size of the signal MC sample is 1%. Uncertainties associated with photon detection (3%), charged track reconstruction (0.35% per track), particle identification (1.5 -4.5%), K
, and the number of Υ(2S) in data sample (2.3%) are also taken into account. Systematic errors are added in quadrature mode by mode, and sum to between 6% and 27%.
The product branching fractions, B[Υ(2S) → γχ bJ (1P )] × B[χ b1 (1P ) → X i ], for each χ bJ (1P ) decay having significance exceeding 3σ, are listed in Table III along with the corresponding statistical significance. In case of significance lower than 3σ, we obtain an upper limit at 90% confidence level (CL) on the branching fraction (B UL ) by integrating the likelihood (L) of the fit with fixed values of the branching fraction:
Systematic uncertainties in B UL are included by convolving the likelihood function with a Gaussian function with a width equal to the total uncertainty. Our branching fraction results are consistent with, and more precise than, those reported in CLEO's analysis. Furthermore, a χ bJ (1P ) signal for J = 0, 1, and 2 has been observed for the first time in 9, 27, and 16 modes, respectively. And, we also found first evidence of a χ bJ (1P ) signal in 18, 1, and 14 modes for J = 0, 1, and 2, respectively.
VII. χb0(1P ) WIDTH MEASUREMENT
As mentioned in Section I, the χ b0 (1P ) width may be above 2 MeV, but no experimental measurement thus far has been attempted. The large signal yield obtained in our branching fraction studies of the χ bJ (1P ) triplet motivates a width measurement of the χ b0 (1P ). For this study, we select the 41 significant modes described in Section VI B. We obtain signal shape parameters from our high statistics MC sample, for which the signal yield is 5 times the value observed for each mode in data. For fitting this MC sample each signal component is parameterized by a sum of a symmetric and an asymmetric Gaussian with common mean. The two widths of the asymmetric Gaussian and the fraction between the two Gaussians are identical for all the three signal components.
For the χ b0 (1P ) width measurement in data, we model the three signals as described above for MC case, except for the χ b0 (1P ), for which the sum of two Gaussian functions is convolved with a Breit-Wigner function. The symmetric part is convolved using the Voigtian function of RooFit [22] , whereas the asymmetric Gaussian function is convolved numerically using the FFTW (Fastest Fourier Transform in the West) [23] package of ROOT, with the same Breit-Wigner function whose width is floated. Individual widths of the symmetric Gaussians for all three signals are fixed to the corresponding MC values, and are multiplied by a common resolution-correction factor to take account of possible data-MC difference. An unbinned extended maximum likelihood fit is performed in data to the ∆M distribution for the sum of the 41 modes having high significance. All background parameters components are floated, whereas all signal parameters are fixed to the MC-fit values except for their individual mean and yield, and the resolution-correction factor. Figure 9 shows the result of the fit on data. The χ b0 (1P ) width is found to be 1.3 ± 0.9 MeV. In the absence of a statistically significant result, we derive an upper limit on the width (see below).
The systematic uncertainity due to the fixed PDF parameters is ±0.2 MeV. To estimate uncertainty due to the assumption of negligible χ b2 (1P ) width, a non-zero width (0.5 MeV) to χ b2 (1P ) is introduced and this affects 
Black dots with error bars are data and the blue curves represent the total fit result. 
0.77 ± 0.10 ± 0.06 10.7 0.36 ± 0.09 ± 0.04 5.2 2π χ b0 (1P ) width by ±0.1 MeV. We generate a large ensemble of pseudo-experiments for different χ b0 (1P ) width hypotheses using the PDF parameters obtained from data, and perform a linearity test between the generated and fitted width values. An uncertainty of ±0.1 MeV is assigned to account for possible deviation from linearity. We obtain a 90% CL upper limit on the width of the χ b0 (1P ) (W limit ) by integrating the likelihood (L) of the fit using fixed values of the width:
Systematic uncertainties are included by convolving the likelihood function with a Gaussian function of width equal to the total systematic uncertainty. We estimate the width of the χ b0 (1P ) < 2.4 MeV.
VIII. SUMMARY
We have studied χ bJ (1P ) states produced from the Υ(2S) via electric dipole radiative transition, decaying to light hadronic final states. Our measurements are consistent with, and more precise than, those reported by the CLEO Collaboration [11] . We also report a χ bJ (1P ) signal for J = 0, 1, and 2 for the first time in 27, 28, and 30 modes, respectively. Furthermore, in the absence of a statistically significant result, a 90% confidence-level upper limit is set on the χ b0 (1P ) width at Γ total < 2.4 MeV.
